Linkage of body mass index (BMI) to a broad region of chromosome 7q22-35 has been reported in multiple studies. We previously published a multipoint LOD score of 4.9 at D7S1804 for BMI from the National Heart, Lung, and Blood Institute Family Heart Study. Leptin (LEP), the human homolog of the mouse obesity (ob) gene, is positioned near the linkage peak and is the most prominent candidate gene in this region. Interest in LEP as a susceptibility gene for human obesity has led to numerous linkage and association studies, but the results of these studies are still controversial. In the present study, we employed family-based tests of association with both a quantitative measure of BMI adjusted for age and sex and a dichotomously defined obesity trait. We genotyped 29 singlenucleotide polymorphisms (SNPs) spanning 240 kb around the LEP gene in the 82 extended pedigrees with the strongest evidence for linkage. When the programs TRANSMIT and FBAT were used, a number of SNPs showed association in men but not women, for both the quantitative and qualitative trait definitions ( ). Five SNPs P ! .05 (H1328084, H1328083, H1328082, H1328081, and H1328080) positioned 2 kb beyond the previously defined promoter region showed strong association in single-marker and multiple-marker haplotype analysis. This fivemarker haplotype (frequency 49% in this sample) is overtransmitted to obese offspring ( ). All five of P p .00005 these SNPs are predicted to modify transcription-factor binding sites. This may indicate new functional variants in an extended promoter region of LEP.
Introduction
In Western societies, the prevalence of obesity has been increasing steadily in recent years. Obesity (MIM 601665) is strongly associated with increased risk for diabetes, lipid disorders, hypertension, and coronary heart disease (CHD). A genetic component in the etiology of BMI has been clearly demonstrated by epidemiological and genetic linkage studies (Borecki et al. 1998; Bouchard et al. 1998) . Although many candidate genes have been proposed and numerous genetic studies performed, the resolution of the genetic factors underlying the susceptibility to obesity is far from complete (Chagnon et al. 2003) .
Recently, we reported a genomewide linkage scan for BMI in the National Heart, Lung, and Blood Institute (NHLBI) Family Heart Study (FHS) (Feitosa et al. 2002) . A LOD score of 4.9 was found at D7S1804 (7q32.3) for age-and sex-adjusted measures of BMI. Leptin (LEP) is positioned close to the center of this linkage peak and is the most prominent candidate gene in the region because of its central role in an adipositysensing pathway and its physiological effects on energy balance. The linkage finding at 7q22-36 has been consistently replicated by numerous studies of independent samples and supported by strong evidence of linkage in a meta-analysis of five published studies (Allison and Heo 1998; Li et al. 2003; Platte et al. 2003) . The candidate region is large, extending over the 55 Mb between D7S618 and D7S3070. The positive linkage findings appear to be dispersed across three subregions. The first region is flanked by markers D7S1804 and D7S3070 at 7q32.3-q36 and is 10-15 cM downstream of LEP. The second region is near D7S2459/D7S523 at 7q22-31.1 and is 20 cM upstream of LEP. The third region is at 7q31.3, at the LEP gene. It is not clear whether these studies point to one or more than one gene contributing to obesity risk.
Since the identification of the LEP gene at 7q31.3 as the human homolog to the mouse obesity (ob) gene (Zhang et al. 1994) , sequence variation in LEP has been studied extensively. Although mutations in the LEP gene are known to cause rare obesity syndromes (Montague et al. 1997a; Strobel et al. 1998 ) and have been responsible for obesity in several animal models (Zhang et al. 1994; Moon and Friedman 1997; Friedman and Halaas 1998) , variation within the coding region of LEP is exceedingly rare in the general population (Considine et al. 1995; Maffei et al. 1996; Carlsson et al. 1997) . The interest in LEP as a susceptibility gene for human obesity has also led to the identification of several common polymorphisms in the 5 regulatory region-G2548A, A19G, and C1887T-that show association with lower LEP levels or obesity in several studies (Hager et al. 1998; Mammes et al. 1998 Mammes et al. , 2000 Li et al. 1999; Le Stunff et al. 2000) . Nevertheless, the results from these studies are still controversial, and the relationship between LEP sequence variation and human body weight remains uncertain (Shigemoto et al. 1997; Lucantoni et al. 2000) . In the present study, we describe the results of family-based association analysis of 29 SNPs spanning 240 kb across the LEP region, including the previously published SNPs and recently detected variants. Using linkage disequilibrium (LD) mapping and haplotype analysis, we sought to establish the position of the functionally significant variant(s).
Subjects and Methods

Subjects and Phenotype
The FHS is a multicenter, population-based study of factors influencing risk for CHD. A detailed description of the FHS has been published elsewhere (Family Heart Study Web site). We selected a primary genotyping panel with 548 DNAs derived from the 82 white families with the highest pedigree-specific LOD scores from our previous linkage study (Feitosa et al. 2002) . The multipoint LOD score for these 82 families was 17.09 at 136.95 cM (Genetic Map Index Web site, Center for Medical Genetics).
BMI was calculated as weight (in kg) divided by the square of height (in meters). Regression models were used to adjust for sex, age, and center, as reported elsewhere (Feitosa et al. 2002) . We also defined a dichotomous phenotype (denoted as "OB") based on the adjusted BMI residual (BMI-R). A residual cutoff of у0.6 was used to define affected individuals. It is notable that the residual of 0.6 corresponds approximately to a raw BMI score of 30, which is an accepted clinical designation for obesity. The dichotomous phenotype (OB) was coded as affected for those with a BMI-R у0.6, as unaffected for those with a BMI-R р0 (BMI р∼27.5), and as ambiguous or unknown if 0 ! BMI-R ! 0.6. Of the 82 pedigrees selected on the basis of family-specific LOD scores, 69 contained at least one individual who was classified as affected. The 69 pedigrees contained 186 persons with a BMI-R 10.6 (185 DNAs available), 196 persons with a BMI-R !0 (195 DNAs available), and 88 persons with a BMI-R between 0 and 0.6 (84 DNAs available). Most persons in the ambiguous group are founders without DNA. Nonparametric linkage (NPL) analysis was performed in the 48 families with at least two individuals classified as OB, and an NPL score of 5.16 at 136.95 cM was observed.
Genotyping
Genomic DNA was prepared from whole blood by using the Puregene system (Gentra Systems) and was purified using QIAEX II kits (Qiagen). All of the samples were quantified using the PicoGreen DNA quantification method (Ahn et al. 1996) and were diluted to 2.5 ng/ml before making 96-well PCR source plates.
Five SNPs were selected from Assays-on-Demand SNP Genotyping Products, which are validated against genomic DNAs from four different populations and each of which has a corresponding allele frequency of at least 10% in whites. Four SNPs-G2548A, C1887T, G1387A, and A19G-were selected on the basis of previous publications of association studies involving LEP and BMI (Mammes et al. 1998; Li et al. 1999; Le Stunff et al. 2000 ). An additional 20 SNPs retrieved from the human SNP database in the Celera Discovery System (Celera Discovery System Web site) were also genotyped. Twenty of these 29 SNPs are in the 22-kb LEP region. An additional five SNPs are from the intergenic 5 region, two are in the P100 gene 5 upstream from LEP, and two are from the 3 region distal to LEP in an unknown gene, FLJ10377.
SNPs were genotyped using the TaqMan technology (Holland et al. 1991; Livak et al. 1995) implemented on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). PCR was performed using TaqMan Universal Master Mix (Applied Biosystems), 5 ng DNA, 900 nM of each primer, and 200 nM of each probe in a 5-ml reaction.
Bioinformatic Analysis
Transcription-factor binding sites (TFBS) were queried for the 50-bp sequence surrounding each 5 candidate SNP by comparing the alternative sequence of the two SNP alleles with the TRANSFAC database by use of BLAST (Wingender et al. 2000) .
Statistical Analysis of Association
The genotypes were checked for Mendelian inheritance errors and Hardy-Weinberg equilibrium in an integrated database. MERLIN (Abecasis et al. 2002) was used for detection of apparent double recombinants in the data and to calculate NPL scores based on OB. Ver- sion 2.5 of the program TRANSMIT (Clayton 1999; Clayton and Jones 1999) was used to perform the transmission/disequilibrium test (TDT) of association with OB on single SNPs and multiple-marker haplotypes. P values for all TDT analyses performed with TRANSMIT were empirically derived from 100,000 bootstrap replicates. To protect against misleading results due to rare alleles or haplotypes, the command-line switches (i.e., flags) "-agg3" and "-c3" were used to aggregate all alleles or haplotypes with frequencies !0.03 before haplotype construction. To test for association in the presence of linkage, the switches "-1" and "-nomf" were used to select one trio from each pedigree, to minimize the dependency on family structure and to maximize the association signal relative to the linkage signal. The software package FBAT v1.4 (Horvath et al. 2001 ) was used to perform the family-based association tests for the quantitative trait BMI-R in the 69 pedigrees that included at least one member who was classified as affected. The null hypothesis of linkage but no association was tested using the -e flag, which computes the test statistic through use of the empirical variance, because the sample contains multiple nuclear families in some pedigrees and multiple affected individuals in these nuclear families, and the markers are in an area of known linkage. Multiallelic tests were performed using an additive genetic model.
Since the markers are tightly linked, results for individual SNPs may be highly correlated; thus, a simple Bonferroni correction is unduly conservative, and we report the empirical P values as described above. We used the Benjamini-corrected false-discovery rate (FDR) to control for multiple hypothesis testing (Benjamini and Hochberg 1995) . The FDR is the expected proportion of true null hypotheses rejected out of the total number of null hypotheses rejected. Multiple comparison procedures controlling the FDR are more powerful than the commonly used multiple comparison procedures based on the familywise error rate. After adjustment for multiple testing and with an FDR level of 0.05, the cutoff for significant association is for analyses of "all P p .01 individuals,"
for analyses of "all males," P p .033 for analyses of "one trio per pedigree with P p .026 affected male offspring" via a TDT, and in P p .031 FBAT analysis of the families with affected male offspring.
LD block structure was examined by the program Haploview (Haploview Web site, Whitehead Institute). The D for all pairs of SNPs was calculated and the haplotype blocks estimated using the confidence-interval method (Gabriel et al. 2002) . SNPs with low rare-allele frequencies may inflate estimates of D , and the use of confidence-bound estimates for D reduces this bias. The default settings were used in these analyses, which invoke a one-sided upper 95% confidence bound of and a lower bound of 10.7 to define SNP pairs D 1 0.98 in strong LD. A block is identified when at least 95% of SNP pairs in a region meet these criteria for strong LD. Haplotypes were reconstructed and their frequencies estimated using an accelerated expectation-maximization (EM) algorithm similar to the partition/ligation method (Qin et al. 2002) implemented in Haploview.
Results
Characteristics of the study sample are presented in table 1. The unadjusted mean BMI in men and women was significantly different, as assessed by a t test ( ). P p .04 This difference in mean BMI occurred in both the affected ( ) and unaffected ( ) groups, P p .0008 P ! .0001 where women had a higher and lower mean BMI, respectively. Table 2 shows the map locations and marker characteristics for the 29 SNPs in and around LEP that were genotyped. Although 4 SNPs-G2548A, A19G, C1887T, and G1387A-have been previously reported, the remaining 25 have not been studied for LEP association. The markers are presented according to their physical location, with D7S3061 centromeric. SNPs tested in LEP are intronic except for A19G, which is in the first exon, 5 UTR region of the LEP gene. The rare-allele frequency for those SNPs is between 16% and 50% except for C1887T, which has a rare-allele frequency of 9%. Strong LD extends from the 5 region to the first intron of LEP but does not extend to SNPs in the genes distal and proximal to LEP ( fig. 1 ). Seven LD blocks are identified across the 240-kb region (see fig. 1 ). We explored the haplotype diversity in this region through use of Haploview. Figure 2 depicts the values for D between the multi-SNP blocks defined in figure 1. Haploview identified tag SNPs for parsimonious haplotypes for each block (Johnson et al. 2001; Patil et al. 2001) .
In each analysis, the TDT was performed for all individuals as well as for male and female family members separately. The SNPs that remain significant after Benjamini correction are indicated with an asterisk (*). In the TDT conducted on the entire sample (the "All" column in table 3), 5 of the 20 LEP SNPs showed significant association with OB ( ) after Benjamini cor-P ! .05 rection, but none of these markers remained significant when a "one trio only" TDT analysis was used. When sex-specific analyses were conducted, the association was seen almost exclusively among men. Overall, among all men, 16 SNPs in the "all individual" analysis ( ) and 13 in the "one trio" analysis ( ) P ! .013 P ! .038 showed significant association with OB. Although the level of significance was slightly lower in the FBAT analysis compared with the TRANSMIT results, the same pattern of association was also observed when the quantitative trait BMI-R was used. Seventeen of 20 SNPs in LEP showed significant association ( with Ben-P ! .031 jamini correction). In both analyses, SNPs with strong association are seen in men and are clustered between markers H1331250 and H1328076. The 117 male offspring (64 affected, 36 unaffected, and 17 ambiguous) are very similar to the sample of all 225 male subjects described in table 1, except that they are slightly heavier (mean BMI 31.1 vs. 29.2 in the total sample) and younger (mean age 45.8 years vs. 51.5 years in the total sample). We sought to establish the boundary of the significant association, which extended from 25 kb upstream of LEP to its first intron, by applying the TDT to single markers. We confirmed the previously published association with BMI at markers A19G and G2548A (Hager et al. 1998; Mammes et al. 1998 Mammes et al. , 2000 Li et al. 1999 ); G2548A showed a strong association with OB in both the "all individuals" ( ) and the "one trio P p .00007 per pedigree" ( ) analyses, as well as with P p .00002 BMI-R ( ) in the FBAT analysis. All of these P p .003 associations were found solely in men. A19G showed a strong association in the TDT conducted on the entire sample ( ) but only a moderate association for P p .004 the "one trio per pedigree" analysis in men ( ). P p .017 We also analyzed two-, three-, four-, and fivemarker haplotypes for the 29 SNPs, and figure 3 shows the results for the three-marker haplotypes tested. The "global" P value represents the overall significance when the observed versus expected transmissions of all of the haplotypes are considered together. Although multiple LEP haplotypes showed association after correction for multiple testing, only two common haplotypes show significance globally: H1328083-H1328082-H1328081, with global P p , and H1328082-H1328081-H1328080, with .006 global . The haplotype with the strongest P p .009 association is a composition of allele A of H1328083, allele C of H1328082, and allele C of H1328081 (frequency 49%), overtransmitted from parents to their affected offspring ( ). P p .00001 Results of two-marker haplotype analysis resembled those for single-marker analysis (data not shown), and the four-marker and five-marker haplotype results were similar to the findings for the reported three-marker haplotypes. Among the four-marker haplotypes, two showed significant association globally: H1328084-H1328083-H1328082-H1328081 and H1328083-H1328082-H1328081-H1328080.
One common five-SNP haplotype, representing alleles G, A, C, C, and C from SNPs H1328084, H1328083, H1328082, H1328081, and H1328080, respectively, was found to be overtransmitted to affected offspring ( ) and spans a region ∼2 P p .00005
Figure 2
Haplotype structure and diversity. Haplotype blocks and their frequencies were estimated using an accelerated EM algorithm implemented in Haploview. SNP numbers corresponding to figure 1 are listed above each column of alleles, and "᭢" denotes the tag SNPs that designate a parsimonious haplotype for each block. Recombination rates from one block to the next are defined by a multiallelic value of D . Haplotypes in adjacent blocks are connected by a thick line if they occur together with a frequency 110% and by a thin line if they occur together with a frequency 11%. For each SNP, "1" represents the common allele, and "2" represents the rare allele.
kb up from the previously defined promoter region (Gong et al. 1996) . This five-marker haplotype can be simplified to three tag SNPs-H1328081 (which is equivalent to H1328084), H1328082 (which is equivalent to C1328085 and H1328080), and H1328083-but it is not clear which combination of three is most informative. Bioinformatic analysis revealed that all five of these SNPs are predicted to modify TFBS (see fig. 4 ). Although G2548A shows a strong individual SNP association to OB (table 3) , it is in strong LD with H1328083 ( ), and, thus, G2548A may 2 r p 0.97 not add significantly to the information provided by that SNP to the common five-SNP haplotype.
Discussion
To assess the role of LEP in association with BMI, we performed a family-based study for both a dichotomous obesity characterization (OB) and a quantitative BMI residual measurement (BMI-R). A number of recently identified SNPs showed strong association with both of these measures in the 82 pedigrees with the strongest evidence for linkage ( ). The association signals P ! .01 came exclusively from men, and a sex effect of this magnitude in LEP has not been previously reported. The boundary of significant association extended from 25 kb upstream of LEP to its first intron. We identified a common risk haplotype with frequency of 49%, which is overtransmitted to obese offspring ( ) and P p .00005 positioned 2 kb up from the previously defined LEP promoter. The five SNPs (H1328084-H1328083-H1328082-H1328081-H1328080) in this high-risk haplotype are predicted to modify TFBS, and, thus, any one of them may be functionally implicated for modifying the transcription of LEP. Because the SNPs are in very high LD and span a very small region (∼1.2 kb), it is difficult to discern which SNP(s) is most likely implicated in LEP transcription. Future functional analyses using various combinations of these variants may help to confirm these findings and provide insight into the function of each variant.
In addition to the five SNPs mentioned above, we also confirmed the previously reported (Mammes et al. 1998 (Mammes et al. , 2000 Li et al. 1999; Le Stunff et al. 2000) strong association between G2548A and BMI ( ) in P p .00002 a single-marker TDT, but the association with this marker is not detected in any multimarker haplotype analysis. Since this SNP is neither at a conserved region among human, mouse, and rat, nor at a predicted TFBS (Li et al. 1999) , its functional importance is speculative. Nevertheless, we cannot rule out the possibility that more than one functional polymorphism in LEP affects variation in BMI. The finding that G2548A shows strong association in single-marker analysis but does not show association in combination with other SNPs, such as those found in the five-SNP haplotype, may indicate that it is associated with an independent functional polymorphism.
The previously reported A19G SNP, in the 5 UTR of the first exon of LEP (Hager et al. 1998; Li et al. 1999 ), shows only a modest association with OB in a stringent TDT using only one trio per pedigree ( in men) P p .017 and a similar modest association with BMI-R in FBAT analysis. The finding that only men show LEP association with BMI may explain the low frequency of replication for the association of BMI with LEP. Furthermore, the modest effect occasionally observed for the A19G polymorphism may be attributable to strong LD between this SNP and SNPs in the haplotype ( 2 r p for A19G and H1328084; for 2 0.984 r p 0.681 H1328083), which appear to have a much stronger association with obesity.
The characteristics of promoter region for LEP have been reported elsewhere (Gong et al. 1996) . Of note is that all five SNPs in the risk haplotype are in a 2-kb region 5 to the reported promoter that may represent an enlarged promoter region for LEP. All five SNPs in this haplotype modify predicted TFBS (see fig. 4 ). For example, the modification of the A allele to a C allele of SNP H1328082 results in the loss of a GATA-1 binding site. Recently, functional variation for complex phenotypes has been detected for changes other than those altering the structure of the protein encoded by the responsible gene (Toma et al. 2002) . Much of the genetic component of human phenotypic diversity, including susceptibility to disease, is hypothesized to be the result of cis-acting influences on gene expression. If this hypothesis is correct, it implies that cis-acting regulatory variation may be a common phenomenon. It is also supported by some of the recent successes in the fields of diabetes (Horikawa et al. 2000) , inflammatory bowel disease (Rioux et al. 2001) , and schizophrenia (Stefansson et al. 2002; Straub et al. 2002) , in which no obvious pathogenic coding changes have yet been identified. These observations have re-emphasized the possibility that inherited variation in gene expression may play an important role in susceptibility to complex traits such as obesity (Lander 1996; Peltonen and McKusick 2001) . However, our current knowledge of regulatory elements in the human genome is far from comprehensive, and, beyond their coding sequences, most genes are not well annotated. We genotyped the two previously reported LEP mutations, Met110Val and Arg105Trp (Karvonen et al. 1998; Strobel et al. 1998) , and neither of them was present in our FHS samples, confirming that these mu-
Figure 3
Haplotype analyses using one trio in each pedigree for a three-marker sliding window. Below each triad is the P value for that haplotype, the haplotype frequency, the direction of the transmitted haplotype (either overtransmitted ["O"] or undertransmitted ["U"]), and the global P value (median value of 20 runs), derived by evaluation of the transmissions of all haplotypes simultaneously. SNPs within the LEP gene are in boldface and are offset, and the approximate location within the LEP gene is shown below the haplotype frequencies. 1 p common allele; 2 p rare allele; InterDis p marker-to-marker distance (in bp); na p no haplotype resulted in ; ns p not significant; Global-P ! .05 1nomf (P value) p global P value in the "one trio per pedigree" analysis. Celera SNP IDs are abbreviated to the final four digits. P values significant after FDR adjustment are indicated with an asterisk (*). tations are exceedingly rare in the general population. Although the high-risk haplotype we identified is very common in FHS families showing linkage to the 7q22-35 region (49%), it is less clear how common this haplotype may be in the general population or in other genetic studies of obesity.
Sex-specific analyses show that the significant association for LEP was seen almost exclusively among men in this sample. This finding lends support to an unexpected sex effect between the LEP gene and BMI. Only two studies have included sex-stratified analyses for LEP and BMI or obesity (Mammes et al. 1998 (Mammes et al. , 2000 . These studies found that the G allele of SNP G2548A was more frequent in overweight subjects of both sexes ( ). However, only male carriers of this allele had P ! .01 lower LEP concentrations after adjusting for fat mass ( ). The T allele of C1887T was associated with P p .05 a decrease in LEP levels in response to a restrictive diet ( ) but was not associated with BMI or LEP P p .005 concentration. However, because of the small number of T-allele carriers, one cannot rule out the possibility that this decrease represents random variability. Nevertheless, these results are consistent with our finding that the common G allele of G2548A is overtransmitted in the OB offspring. A sex-specific genetic component in BMI has been reported in Norwegian twins (Harris et al. 1995) and Mexican Americans (Comuzzie et al. 1995) , as well as in whites in the Framingham Study (Atwood et al. 2003) . Sex-specific differences in human LEP mRNA expression have been implicated by previous studies (Montague et al. 1997b) . The HERITAGE family study demonstrated that the association between the LEP receptor gene and adiposity was found only in white males (Chagnon et al. 2000) . We may speculate that a candidate for the connection between LEP and sex-specific phenotypic differences is testosterone, which is down-regulated by leptin (Tena-Sempere et al. 2001) . The finding that the effect of LEP is mainly in men, while linkage to the region is seen in both male and female subgroups in our study, suggests that there may be other important BMI-related genes in the 7q22-35 region that are worthy of additional investigation.
Figure 4
Genomic view of the LEP 5 region, its polymorphisms, and the best five-marker haplotype. A, Genomic view of LEP mRNA and SNPs surrounding LEP (UCSC Genome Browser Web site). B, Polymorphisms at the 5 region of LEP, with single-marker P values from TRANSMIT analysis and their respective putative TFBS, with the polymorphic site highlighted in red. No TFBS changes were found for G2548A and G1387A. na p no TFBS site identified for a specific short sequence.
In summary, the strong association of a number of common variants and haplotypes in the 5 region of LEP with both a quantitative measure of BMI adjusted for age and sex and a dichotomously defined obesity trait in the present study suggest that common LEP sequence variants are associated with obesity in the general population. The common risk haplotype identified from this study may be clinically useful for identifying a subgroup of people who may have a LEP deficiency derived from altered regulatory elements and may predispose this subgroup to obesity. It will be valuable to replicate these findings in other family sets showing linkage to this region and to test for association to BMI in independent studies.
